An AlGaN/GaN recessed-gate MOSHEMT was fabricated on a sapphire substrate. The device, which has a gate length of 1 µm and a source-drain distance of 4 µm, exhibits a maximum drain current density of 684 mA/mm at V gs = 4 V with an extrinsic transconductance of 219 mS/mm. This is 24.3% higher than the transconductance of conventional AlGaN/GaN HEMTs. The cut-off frequency and the maximum frequency of oscillation are 9.2 GHz and 14.1 GHz, respectively. Furthermore, the gate leakage current is two orders of magnitude lower than for the conventional Schottky contact device.
Introduction
High-performance AlGaN/GaN HEMTs on sapphire or SiC substrates have been successfully applied to microwave power devices [1, 2] . To date, research has focused on the MOSHEMT or recessed-gate devices. In the dielectric gate devices, the leakage current has been reduced significantly and the larger maximum drain current was obtained for a higher positive gate bias [3] . However, the transconductance has been decreased and the threshold voltage shifted to negative direction values [4] . In recessed-gate devices, as a part of the AlGaN layer under the gate has been etched, the devices' transconductance is improved [5] , but the leakage current of the gate will be increased due to the etching damage [6] . Recently, Nakamura [7] reported on the fabrication of a recessed-gate MISHEMT with a field plate and an output power that reached up to 140 W. In this paper, we describe the recessed-gate AlGaN/GaN MOSHEMT and compare its characteristics with the conventional HEMTs, MOSHEMTs, and recessed-gate devices.
Device structure and fabrication
The AlGaN/GaN HEMT used in this paper was grown on a (0001) sapphire substrate in an MOCVD system. The HEMT structure consists of a low-temperature GaN nucleation layer, a 3-µm thick unintentionally doped GaN buffer layer and an AlGaN barrier layer. The barrier layer consists of a 5-nm undoped spacer, a 12-nm carrier supplier layer doped at 2 × 10 18 cm −3 , and a 5-nm undoped cap layer. Room temperature Hall measurements of the structure yield an electron sheet density of 1.03 × 10 13 cm −2 and an electron mobility of 1238 cm 2 /(V·s). The same materials were used for conventional HEMTs, MOSHEMTs and recessed-gate devices.
The device mesa was formed using Cl 2 /N 2 plasma dry etching in an ICP system followed by the source/drain Ohmic contact formation using Ti/Al/Ni/Au (30 nm / 180 nm / 40 nm / 60 nm), annealed at 850˚C for 30 s. The same isolation and ohmic contact processes were used for conventional HEMTs, MOSHEMTs, and recessed-gate MOSHEMTs. After gate windows with 1-µm length were opened by contact photolithography, the recessed-gate MOSHEMT sample was treated with a Cl 2 plasma in an ICP system at an RF plasma bias voltage of 50 V. The recess area was etched at 0.1 nm/s to a depth of 6 nm. The SiO 2 (4 nm) and Ni/Au (30 nm / 200 nm) e-beam evaporation and lift-off were carried out simultaneously to form the gate electrode by using recessed-gate etching mask. The inserted SiO 2 before gate metal evaporation makes the gate contact act as a dielectric gate. The gate length, gate width, and source drain distance are 1, 100, and 4 µm, respectively. Using on-wafer TLM patterns, the contact resistance and the specific contact resistance were measured to be 0.63 Ω·mm and 1.2 × 10 −5 Ω·cm 2 . The TLM structures were made on the same wafer of the HEMT and located regularly around the device. Direct current characteristics and high frequency characteristics were measured by a HP4156B semiconductor parameter analyzer and an HP8720D network analyzer. Fig. 2 because there is no passivation layer to eliminate the current collapse during the DC voltage sweep. Because the gate bias voltage of the recessed-gate MOSHEMT can be applied to 4 V and that of the conventional AlGaN/GaN HEMT can be only applied to 2 V, the maximum drain current density of the recessed-gate MOSHEMT reaches 684 mA/mm, which is 22.5% higher than that of the conventional AlGaN/GaN HEMT. On the other hand, because the depth of the etched AlGaN layer was only 6 nm and the reduced density of the 2DEG by using a recessedgate can be resumed when a sufficiently high positive bias voltage is applied to the gate, the maximum drain current remained at a high value. Using a recessed-gate structure, the distance between the gate and the channel is reduced and the controlling ability of gate increases. So, the peak transconductance of the recessed-gate MOSHEMT is increased from 176 to 219 mS/mm, which is 24.3% higher than that of the conventional AlGaN/GaN HEMT. The SiO 2 dielectric layer inserted between the gate and the AlGaN layer will increase the distance of the gate to the channel; but the SiO 2 layer that we used is only 4 nm. Thus, the impact of the gate dielectric layer on the threshold voltage and the transconductance is very weak, and our experimental results of MOSHEMTs have proven this fact [8] . The threshold voltage of the HEMT can be expressed by [9] 
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where σ pol is the polarization charge, q is the electron charge, ε 0 is the vacuum permittivity, ε 0 is the relative dielectric constant, qΦ B is the Schottky barrier height, ∆E C is the conduction band offset, N D is the donor density of AlGaN, d is the total thickness of AlGaN, and d i is the thickness of the space layer. According to Eq. (1), in a recessed-gate MOSHEMT structure, the dielectric gate structure increases the distance of the gate to the channel. In contrast, the recessed-gate structure reduces the distance. Figure 4 shows the transfer characteristic comparison of a conventional HEMT and a recessedgate MOSHEMT. The threshold voltage of a recessed-gate MOSHEMT increases by 0.52 V. Due to the weak impact on the threshold voltage of the thin gate dielectric, the positive shift of the threshold is mainly dominated by the recessed-gate mechanism. Figure 5 shows the I g −V gs curves of differently structured devices. The gate leakage characteristic of the recessed-gate MOSHEMT is similar to that of a MOSHEMT, which is not shown here. Since a certain etching-induced damage accompanies the plasma treatment of the gate region of the AlGaN layer, the Schottky characteristic of the recessed-gate was aggravated and the leakage current increased by one order of magnitude compared to that of a conventional HEMT due to 054002-2 the increase of nitrogen vacancies and surface defects [10] . However, the insertion of SiO 2 between the gate electrode and the etched AlGaN layer decreased the leakage current from 9.3 × 10 −5 to 8.6 × 10 −9 mA/mm at V gd = −10 V. At the same time, the leakage current of the recessed-gate MOSHEMT at positive bias V gs = 3 V was below 1 mA/mm, when the leakage current reached 1 mA/mm for the conventional HEMT device at V gs = 1.5 V. Table 1 shows the DC characteristics of different device structures. Figure 6 shows the C-V measurement results. The capacitance of a recessed-gate device and a recessed-gate MOSHEMT is almost identical, indicating the insertion of SiO 2 does not influence the gate controlling ability. The capacitance of a MOSHEMT is lower than that of a recessedgate device and a recessed-gate MOSHEMT, which indicates that using an recessed-gate can increase the gate capacitance. Furthermore, the threshold voltage increases after using the recessed-gate structure but it remains nearly unchanged when the SiO 2 layer was inserted.
On-wafer small-signal RF characteristics of the MOSHEMT with a recessed gate device were measured from 0.1 to 40 GHz, and Figure 7 shows that the cut off frequency and the maximum frequency of oscillation were 9.2 and 14.1 GHz, respectively. The interface states introduced by the recessed gate process have an impact on the frequency characteristic. Further reduction of the etching damage should further improve the frequency characteristics.
Conclusion
AlGaN/GaN MOSHEMTs with recessed gates are fabricated on sapphire substrates, The devices with a gate length of 1 µm exhibit an extrinsic transconductance of about 219 mS/mm, which is 24.3% higher than that of the conventional Fig. 7 . Gain versus frequency for a MOSHEMT with recessed-gate.
AlGaN/GaN HEMT. The cut off frequency and the maximum frequency of oscillation are 9.2 and 14.1 GHz. The recessedgate MOSHEMT device structure combines the advantages of the MOS gate structure and the recessed gate, leading to a leakage current of only 8.6 × 10 −9 mA/mm at V gd = −10 V. For AlGaN/GaN MOSHEMTs, the transconductance is increased by using a recessed-gate and the gate leakage is reduced by using the MOS gate structure. The analysis of the C-V characteristic shows that the gate controlling ability increases due to the recessed-gate structure. In addition, the insertion of a dielectric has little impact on the threshold voltage.
